On-site detection by flow-through polymerase chain reaction (PCR) microfluidic systems for rapid and highly sensitive analysis, are significantly desired for bioanalytical and medical research. The conventional continuous-flow PCR chips realized rapid detection, but their sensitivity was very low (10 6 to 10 8 copies μL
Introduction
Specific DNA sequence quantification has been extensively applied in many molecular biological analyses, such as food evaluation, environmental monitoring, 1,2 the detection of specific pandemic influenza strains 3, 4 and the diagnosis of genes in a medical field. 5 The real-time polymerase chain reaction (PCR) is an accurate and powerful method used to quantify the amount of specific DNA sequence. Since first described in 1985, 6 PCR, the basic technology of real-time PCR, is an essential method to significantly amplify a specific DNA sequence of interest in the field of genetic analysis. PCR can repeatedly duplicate a specific DNA sequence by thermal cycling through three or two temperature steps. A procedure involving conventional PCR requires over 1 h to be completed, because the conventional PCR instruments uses a temperature-controlled metal block to perform over 30 thermal cycles, and each cycle needs a period of about 2 -3 min. Therefore, we cannot immediately obtain any result about the existence of microorganisms or virus based on the specific DNA sequences.
In this decade, rapid PCR cycling has been reported in miniaturized PCR systems. Minimizing the reaction volume typically enables one to diminish the reaction time and to reduce the amount of samples as well as reagents consumption. Since the first report concerning continuous-flow PCR by Kopp in 1998, 7 microfluidic PCR devices performing all steps of PCR on a single chip have been anticipated. [8] [9] [10] A typical device is composed of three temperature zones (denaturation, annealing and extension) and a long serpentine microchannel that carries the PCR reagents to each temperature zone. This continuous-flow PCR technique can perform rapid thermal cycles because the element related to heat capacity is the PCR solution itself, and is not dependent on the heating-and-cooling ramping rates of the reactor vessels or the temperature-controlled metal blocks.
Nevertheless, the following drawbacks of continuous-flow PCR are raised by the necessity to suffuse the whole microchannel with the PCR solution. The initial demonstration had a critically short reaction time, but required large amounts of the reagent volume. Furthermore, the most serious problem is that this continuous-flow manner often causes destabilization in the flow whenever bubbles are accidentally generated, which clog the microchannel in the high-temperature zone, where the temperature reaches nearly the water boiling point. There are approaches that use oil previously injected in order to increase the microchannel internal pressure, and thus preventing bubble formation.
The PCR reagents mixture was injected as a short segment with a small volume, and then flowed through the same configuration of the serpentine microchannel. In this system, bubbles generated on the high temperature-zone can easily and promptly dislodged from the segmented solution to air spaces in the front and in the rear of the microchannel. When the segmented solution flows in the microchannel, its internal stream swirls of high speed, 14 forcing the bubbles out, which also contributing to increase the speed of the PCR elementary reaction. Thus, the segmented PCR solution can pass the high-temperature zone before any flow destabilization by bubble formation occurring. This segment-flow PCR accomplished ultra-rapid and small volume DNA amplification at 120 s for 40 cycles. 15 The segment-flow PCR system exceeds continuous-flow PCR systems in practical use. However, these 2 systems have the same drawback: a low sensitivity in the range of 10 6 to 10 8 copies μL -1 . 16 Because the ratio of the surface area in the microchannel to volume of the PCR reagent is tremendously high, we assumed that the reason for low sensitivity in the previous system was caused by the adsorption of PCR reagents to the inner walls of the microchannel, and thus causing depletion of reagents in the solution. This paper demonstrates a rapid and highly sensitive detection using segment-flow PCR by pre-treatments with the reagents for PCR without any template. The pre-treatment was realized by simply introducing PCR reagents without any template through the microchannel before a measurement. Although surface passivation methods for PCR chips have been reported, reagents or devices for chip surface modification were required. 17 However, this pre-treatment method was very easy and required no additional reagents or devices, except for the PCR reagents.
Experimental

Reagents and chemicals
PCR reagents were purchased from TAKARA BIO Inc. as part of the SpeedSTAR HS DNA Polymerase, including: SpeedSTAR HS DNA Polymerase (5 U μL -1 ), 10× Fast Buffer I, dNTP mixture (2.5 mmol L -1 each). TaqMan Probe Technology for fluorescence detection was used in this study. The forward primer 5′-GTG TGA TAT CTA CCC GCT TCG C-3′ and the reverse primer 5′-AGA ACG GTT TGT GGT TAA TCA GGA-3′, designed to amplify a 106-bp sequence of the uid A gene for E. coli and the probe 5′-FAM-TCG GCA TCC GGT CAG TGG CAG T-MGB-3′, were purchased from Applied Biosystems. 18 The specific sequence of the target DNA to be amplified was efficiently detected after amplification, and thus allowing the amplification efficiency to be estimated from the . TBE buffer, containing 1% w/v hydroxypropyl methyl cellulose (HPMC) and 1 μg mL -1 ethidium bromide (EtBr), was used for on-chip electrophoresis (SV1100, Hitachi HighTechnologies, Japan). HPMC and EtBr were purchased from SIGMA and Fluka, Japan, respectively.
Segment-flow PCR chip and coating by PCR reagents
A cyclo-olefin polymer (COP) substrate with a micro-flow channel (400 μm wide × 400 μm deep; Fig. 1a ) was fabricated using injection molding by STARLITE Co., Ltd. The COP is a new thermoplastic material that is suitable for the chip substrate, allowing good dimensional stability due to its low porosity, high heat resistance (Tg: 138 C), low impurity, low emission of gasses, and to having the lowest water absorbency of all plastics.
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The segment-flow PCR chip was fabricated by weighting the pressure-sensitive polyolefin (PSP) film onto the microchannel-containing COP (Fig. 1b) . PSP film (CNTT-100) was purchased from MICRONIX, Japan. The PSP film also has good heat resistance (heat tolerance to 110 C), high sealing performance, transparency and chemical durability. An image of the completed segment-flow chip is shown in Fig. 1c . The segment-flow PCR was designed to carry out 40 cycles of amplification. The whole length of the microchannel is 2.6 m. The length of the microchannel for each PCR cycles is 65 mm. Furthermore, the denature zone and the annealing and extension zone are 21 and 42 mm, respectively.
To coat the inside the micro-flow channels, a PCR reagents mixture without a sample was introduced through the inlet by the suction power of a syringe pump (KDS-210, LMS Co., Ltd., Japan). Then, the components of the PCR reagents mixture were gradually adsorbed onto the surface of the micro-flow channel. Eight microliters of the PCR reagents mixture was used at the first flow; then, 5 μL of that was used at the second to the sixth flow. The flow rate was 30 μL min -1 . The amount of adsorption of the PCR reagents mixture was estimated by measuring the fluorescence intensity emitted from the probe. The fluorescence intensity was measured by a fluorescence detector (FLE-1000, NSG GROUP, Japan). The excitation and fluorescence wavelength were 470 and 530 nm, respectively.
Quantification using the segment-flow PCR
The segment-flow PCR chip was placed on heating metal blocks. The configuration of the blocks was designed to allow the PCR solutions to pass alternately through two different temperature zones. The thermal cycle conditions for annealing and extension was 58 C and for denaturation was 96 C (Fig. 2) .
First, a PCR reagents mixture containing E. coli or extracted DNA was incubated at 95 C for 2 min as a hot start step. Then, 7 μL of the PCR reagents mixture was introduced through the inlet by the suction power of a syringe pump. The flow rate was decided to be performed at 30 μL min -1 in this study, because the time of amplification by the polymerase became insufficient at a too fast flow rate. The fluorescence intensity of each cycle was measured by a fluorescence detector connected to an optical fiber and microlens, which was manually moved across the serpentine microchannel using a linear stage following the flow of the segmented solution. The PCR amplicon of the target sequence, uid A gene of E. coli, was confirmed by on-chip electrophoresis. The conditions of sample introduction and separation by on-chip electrophoresis were 300 V for 60 s and 130 V for 120 s, respectively.
Results and Discussion
Portable segment-flow PCR system
In this study, we developed a portable segment-flow PCR system equipped in an attaché case to realize on-site detections. This portable PCR system was composed of a tablet PC for system control, a hot-start reaction chamber, heating aluminum blocks for thermal cycles, a suction pump, and a fluorescence detector (Fig. 2) . Although the fluorescence detector of this system could measure the end-point fluorescence of PCR, in order to develop this system to measure the fluorescence of each cycle for real-time PCR we used an external fluorescence detector. The temperature control of the heating aluminum blocks and the hot-start reaction chamber was performed by this PCR system.
Coating by PCR reagents for segment-flow PCR chip
Assuming that the adsorption of the PCR reagents mixture to the microchannel causes low sensitivity, we measured the adsorption of the PCR reagents to the microchannel. The fluorescence intensity of the PCR reagents mixture, without any template, was measured at each PCR cycle, at a flow rate of 30 μL min -1 . Figure 3 indicates the fluorescence intensity of each cycle when the PCR reagents mixture without template was introduced in the microchannel 6 times. The fluorescence intensity of the reagents mixture gradually decreased at the 1st flow. In the 2nd flow, the fluorescence intensity was almost the same among the 1st to 16th cycle; however, it decreased widely after the 17th cycle. The fluorescence intensity of the 3rd flow decreased slightly after the 33rd cycle.
These results demonstrated that the decrease in the fluorescence intensity was caused by absorption of the PCR reagents into the microchannel. Meanwhile, in the case of the 4th flow to 6th flow, the fluorescence intensity of each cycle was almost the same. This indicated that coating with PCR reagents was accomplished at the 4th flow. Therefore, the microchannel coating was performed with 25 μL of a PCR reagents mixture by solution flow at 30 μL min -1 . As each element of PCR reagents, such as polymerase or primers/probe, was adsorbed to the microchannel, these chips could not realize highly sensitive detection. Therefore, the adsorption of the PCR reagents mixture on the chip was necessary to realize highly sensitive detection.
Real-time segment-flow PCR
To confirm the effect of the coating, segment-flow PCR for PC and negative control (NC) were performed on the coated and non-coated chips. In this study, to definitely estimate the amplification of the uid A gene by PCR, real-time PCR was performed with the chip, while measuring the fluorescence intensities of each cycle. As shown in Fig. 4a , in the case for a non-coated chip, the fluorescence intensity of NC gradually decreased the progression of the cycles, demonstrating that PCR reagents were absorbed into the surface of the microchannel. The fluorescence intensity of PC decreased until the 20th cycle, but then increased slightly after the 21st cycle, and became saturated at the 25th cycle. This result indicated that identifiable amplification was confirmed from the 21st cycle to the 25th cycle, because the polymerase and primer/probe remained in the PCR reagents. However, after the 25th cycle, identifiable amplification could not performed due to a shortage of the polymerase or primer/probe. Furthermore, the fluorescence intensity of the real-time segment-flow PCR of E. coli (4000 cells μL -1 ) as a template did not increase on the noncoated chip (data not shown). Thus, in the case of a high template concentration, the PCR products could be detected because the identifiable amplification was completed by the 25th cycle. However, in the case of a low template concentration, the PCR products could not be detected because the identifiable amplification was not completed by the 25th cycle. Therefore, the low sensitivity of the traditional PCR chips might be caused a shortage of the PCR reagents containing the polymerase and primer/probe. While, in the case of a coated chip, the fluorescence intensity of each cycle was almost the same in NC. Also, the fluorescence intensity in PC was equally low until the 20th cycle, but then increased widely, and became saturated at the 30th cycle. Furthermore, on both chips, the initial increases of the fluorescence intensity were confirmed at around the 20th cycle. On the non-coated chip, the initial increase of the fluorescence intensity for PC might not be delayed to that on the coated chip, because the amplifiable polymerase and the primer/ probe remained in the PCR reagents by the 25th cycle.
After the segment-flow PCR, the amplicon of the target sequence, uid A gene of E. coli, was confirmed by on-chip electrophoresis. As shown in Fig. 4b , in the case of a non-coated chip, the peak of the amplicon for uid A gene was not detected by electrophoresis in the PCR products of NC. The small peak of the amplicon (106 bp) for the PCR product of PC in the noncoated chip was detected at around 70 s. The small peak would be the PCR product amplified before the complete adsorption of PCR reagents to microchannel. However, in the case of the coated chip, a peak was confirmed at around 64 s in PCR products of NC, indicating the production of primer-dimers. In our segment-flow PCR, three folds of the primers solution volume compared to that of the conventional PCR were used in order to enable rapid PCR on the chip. Therefore, the primer-dimer was prone to occur in our system. The peak of the amplicon for the PCR product of PC in the coated chip was detected around at 70 s, and no peak was detected at around 64 s, the peak of the primer-dimers. We presume that the primer-dimers were not produced because the primers were used to synthesize the amplicon of the uid A gene. From the results of real-time segment-flow PCR and electrophoresis, both the increase in the fluorescence and amplicon production was largely improved using chips coated with PCR reagents.
For the rapid screening of food contamination due to pathogenic bacteria, viruses or parasites, a direct PCR of cells without the extraction of DNA is a very important procedure for the rapid detection of specific microorganisms. To verify our system efficacy in terms of food contamination screening, we estimated the detection sensitivity of real-time segment-flow PCR using a coated chip by direct PCR of E. coli, at concentrations of 4000 to 4 cells μL -1 in the PCR reagents mixture. As shown in Fig. 5a , in the case of a 4000 cells μL -1 in the PCR reagents mixture, the fluorescence intensity increased after the 28th cycle. Similarly, in the case of 400, 40, and 4 cells μL -1 in the PCR reagents mixtures, the average of the increase in the fluorescence was confirmed after the 31st, 34th, and 38th cycle, respectively. While, in the case of NC, the fluorescence intensity remained low in all 40 cycles. Although, the standard deviation (SD) was slightly large in the case of 4 cells μL -1 in the PCR reagents mixture, these results using the coated chip had good repeatability (n = 3). All measurements by using the segment-flow PCR chip were completed within 8 min for each concentration.
The results from the electrophoresis of these PCR products are indicated in Fig. 5b . The peak of the amplicon, around 70 s, was detected in the product of 4000 and 400 cells μL -1 in the PCR reagents mixture. The fluorescence intensity of these peaks would be saturated by on-chip electrophoresis. In the case of 40 cells μL -1 in the PCR reagents mixture, both peaks for the amplicon and the primer-dimer were detected at around 70 and 64 s, respectively. In the case of 4 cells μL -1 in the PCR reagents mixture, although the peak was almost hidden in the noise, a little peak was detected at around 70 s. In NC, only the peak of the primer-dimer was detected at around 64 s.
The cycle threshold (Ct) values for each concentrations of E. coli were estimated from Fig. 5a , since the fluorescence intensity is equal to 45. As shown in Fig. 6 , a high correlativity (R 2 = 0.9968 ± 0.0023) was confirmed between the Ct value and the concentrations of E. coli. Thus, real-time segment-flow PCR using the coated chip enabled quantitative determinations of cells. Furthermore, real-time PCR involving the same condition of E. coli was performed by conventional thermal cycler (TP960, TAKARA BIO Inc., Japan) with a limit in detection of 4 cells μL -1 (Fig. S1 , Supporting Information) and a detection time of 2 h. Our segment-flow PCR using coated chips had the same high sensitivity. This result demonstrates that our segment-flow PCR using coated chips realized a high sensitivity, with a detection speed of 15-times as rapid as that of the conventional thermal cycler. This suggests promising results for practical use.
Conclusions
A portable segment-flow PCR system was developed to realize on-site detection. To realize rapid detection by segment-flow PCR, the coating of the microchannel was accomplished by introducing of 25 μL of a PCR reagents mixture at 30 μL min -1 . Using this coated chip, the fluorescence increase was confirmed by segment-flow PCR for extracted DNA of E. coli. The detection of E. coli also succeeded based on real-time segment-flow PCR. The target amplicon was confirmed by on-chip electrophoresis. The detection limit of the coated chip was 4 cells μL -1 , which is the same as that of the conventional thermal cycler. Furthermore, a rapid performance in 8 min was realized by using the segment-flow PCR using a coated chip. Real-time segment-flow PCR a using coated chip enabled the quantitative determination of cells. Finally, a rapid and sensitive detection of E. coli was successfully accomplished by using a real-time segment-flow PCR using coated chip. 
